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A new virus-like particle TTSV1 was isolated from the hyperthermophilic crenarchaeote Thermoproteus tenax sampled at a hot spring region
in Indonesia. TTSV1 had a spherical shape with a diameter of approximately 70 nm and was morphologically similar to the PSV isolated from a
strain of Pyrobaculum. The 21.6 kb linear double-stranded DNA genome of TTSV1 had 38 open reading frames (ORFs), of which 15 ORFs were
most similar to those of PSV. The remaining 23 ORFs showed little similarity to proteins in the public databases. Southern blot analysis
demonstrated that the viral genome is not integrated into the host chromosome. TTSV1 consisted of three putative structural proteins of 10, 20,
and 35 kDa in size, and the 10-kDa major protein was identified by mass spectrometry as a TTSV1 gene product. TTSV1 could be assigned as a
new member of the newly emerged Globuloviridae family that includes so far only one recently characterized virus PSV.
© 2006 Elsevier Inc. All rights reserved.Keywords: Archaea; Hyperthermophilic virus; Linear genome; Thermoproteus; GlobuloviridaeIntroduction
Viruses infecting microorganisms are diverse and represent
the largest number of biological entities in the biosphere
(Forterre, 2001; Rohwer, 2003; Wommack and Colwell,
2000). Currently, more than two dozens of thermophilic viruses
or virus-like particles (VLPs) have been isolated from extreme
thermal environments. These are mainly from Sulfolobus,
Thermoproteus, and Acidianus, belonging to the Crenarchaeota
phylum in the Archaea domain (Bettstetter et al., 2003;
Prangishvili and Garrett, 2005; Prangishvili et al., 2001; Rachel
et al., 2002; Rice et al., 2001). From the Euryarchaeota, a second
major phylum of the Archaea domain, so far only the VLP PAV1
has been isolated from Pyrococcus abyssi (Geslin et al., 2003).
The viruses and VLPs discovered from hyperthermophilic
archaea over the past two decades have been grouped into four
families on the basis of their unique morphologies and genome
structures. These families include Fuselloviridae (SSV1, SSV2,
SSVK1, and SSVRH; spindle shape), Rudiviridae (SIRV1 and⁎ Corresponding author. Fax: +82 822 362 7265.
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doi:10.1016/j.virol.2006.03.039SIRV2, TTV4, and ARV1; stiff helical rod-shape), Lipothrix-
viridae (SIFV, TTV1-3, and AFV1 and AFV2; flexible rod-
shape), and Guttaviridae (SNDV; droplet shape). In Fusellovir-
idae, a lysogenic virus SSV1 isolated from Sulfolobus shibatae
has been studied most extensively (Palm et al., 1991; Schleper
et al., 1992). This virus has a 15.5-kb circular double-stranded
DNA (Schleper et al., 1992). PAV1, lemon-shaped VLP with a
short tail terminated by fibers was recently isolated from a
hyperthermophilic euryarchaeote. The genome of PAV1 is
circular, double-stranded DNA of 18 kb in size, and is present in
a high copy number in a free form in host cells (Geslin et al.,
2003). The second family, Rudiviridae, includes SIRV1
(Sulfolobus islandicus rod-shaped virus) and SIRV2 isolated
from Iceland. These viruses are enveloped stiff rods containing
a linear double-stranded DNA genome (Blum et al., 2001; Peng
et al., 2001; Prangishvili et al., 1999; Zillig et al., 1994).
Similarly, TTV4 from Thermoproteus tenax and ARV1 from
Acidianus are stiff rods containing a linear double-stranded
DNA genome (Vestergaard et al., 2005; Zillig et al., 1998). The
third family, Lipothrixvirdae, includes SIFV from Sulfolobus
(Arnold et al., 2000b), TTV1, TTV2, and TTV3 from T. tenax
(Janekovic et al., 1983), and AFV1 and AFV2 from Acidianus
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virion containing a core of linear double-stranded DNA and
DNA-binding proteins. This core is wrapped in a membrane
consisting of host lipids and, possibly, hydrophobic viral
proteins. SIFV has a unique tail structure that may be involved
in adsorption of virus particles onto receptors of host cells
(Arnold et al., 2000b). T. tenax TTV1 is rod-shaped enveloped
virus and has a 15.9-kb linear, double-stranded DNA genome
(Janekovic et al., 1983; Neumann et al., 1989; Neumann and
Zillig, 1990). The fourth family, Guttaviridae, includes an
SNDV (Sulfolobus neozealandicus droplet-shaped virus) with a
bearded drop-like morphology (Arnold et al., 2000a). In
addition to the above described four families, which were
approved by the International Committee for Taxonomy of
Viruses, the fifth family, Globuloviridae, has been proposed for
the sphere-shaped virus PSV that was isolated from anaerobic
hyperthermophilic archaeal genera Pyrobaculum (Häring et al.,
2004). The genome of PSV is linear, double-stranded DNA of
28.3 kb in size, and the two DNA strands of the genome are
probably linked at their termini.
Considering the existence of diverse microorganisms in
extremely hot environments (Breitbart et al., 2004; Noll and
Vargas, 1997; Rhee et al., 2005), viruses infecting these hosts
are also likely to be diverse in thermal environments. Indeed,
various morphologically unique VLPs have been discovered
from thermal environments in Yellowstone National Park
(YNP), USA, by two independent groups (Prangishvili et al.,
2001; Rachel et al., 2002; Rice et al., 2001), indicating a
potential for a high viral diversity even in harsh thermal
environments. Here, we describe the novel sphere-shaped VLP,
named TTSV1, which was isolated from a strain of T. tenax
collected from a Sileri hot spring region of Indonesia. Genome
sequence analysis indicates that it is most similar to PSV in both
morphology and protein sequence, suggesting that it could be
assigned as a new member of the Globuloviridae family.
Results and discussion
Isolation and analysis of virus-like particles
In an attempt to isolate viruses from hyperthermophiles, we
screened hyperthermophile enrichment cultures, which wereFig. 1. Transmission electron microscopy of TTSV1. Virus particles obtained by PE
supernatant (B), and by ultracentrifugation in a sucrose density gradient were staine
Scale bars indicate 100 nm.established with thermal environmental samples collected from
various hot spring areas in Indonesia, for the presence of viral
genomes in polyethyleneglycol (PEG) precipitates of culture
supernatants. Viral genomes extracted from the PEG precipi-
tates were visualized by agarose gel electrophoresis followed by
ethidium bromide staining. Of a total of 58 cultures tested, we
obtained one positive sample, which showed a prominent
putative viral genome of approximately 20 kb, from a Sileri hot
spring region. Subsequent analysis of the PEG precipitates of
this sample by transmission electron microscope showed
morphologically homogeneous VLPs (Fig. 1A). The VLPs
were also detected in the precipitates directly obtained by
ultracentrifugation of culture supernatant (Fig. 1B). The sphere-
shaped VLPs purified by sucrose density gradient centrifuga-
tion had a diameter of approximately 70 nm (Fig. 1C). Some of
virus particles formed a short chain with 4–5 virus particles or
an aggregate (Fig. 1, panels A–C). The density of the purified
VLP was estimated to be approximately 1.29 g/ml, similar to
that of enveloped viruses PAV1 (1.28 g/ml) (Geslin et al., 2003),
His1 (1.3 g/ml) (Bath and Dyall-Smith, 1998), AFV1 (1.3 g/ml)
(Bettstetter et al., 2003), and SSV1 (1.24 g/ml) (Murphy et al.,
1995).
TTSV1 host
As observed by a phase contrast microscope, the host of the
VLP, which was isolated by serial dilution of enrichment culture
followed by colony isolation in a semi-solid Gelrite-containing
media, exhibited a rod-shaped morphology with a granule-like
particle at the tip or middle part of the cells (Fig. 2A, panel a). It
had a mean length of 1–2 μm and a width of approximately
0.2 μm, and its ends were angular with slightly rounded edges
when examined under a transmission electron microscope (Fig.
2A, panels b and c). During the exponential growth phase,
spherical bodies protruding terminally from the rod were visible
(panel c). These characteristics are similar to the morphological
features of T. tenax (Janekovic et al., 1983; Rieger et al., 1997).
By phylogenetic analysis using 16S rDNA sequence, the
purified host was identified as a T. tenax-related archaea in the
Crenarchaeota phylum, named T. tenax YS44 (97% identity to
the T. tenax 16S rDNA) (Fig. 2B). The new VLP, named TTSV1
for T. tenax spherical virus 1, was morphologically differentG precipitation of a culture supernatant (A), by ultracentrifugation of a culture
d with 2% uranyl acetate and observed by a transmission electron microscope.
Fig. 2. Morphology and phylogenetic tree of TTSV1 host. (A) Phase contrast (a) and thin-section transmission electron (b and c) microscopy images of T. tenax YS44.
The scale bars represent 200 nm. (B) The phylogenetic tree was constructed by the neighbor-joining method with the Molecular Evolutionary Genetics Analysis 2.1
software (MEGA, version 2.1). The numbers associated with the branches refer to bootstrap values resulting from 1000 replicate resamplings. The scale bar indicates 2
substitutions per 100 nucleotides. The 16s rDNA sequence accession numbers of the aligned sequences are shown in parentheses.
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(Rudiviridae), which were isolated previously from Thermo-
proteus (Janekovic et al., 1983; Zillig et al., 1998). Recently,
two independent groups observed spherical shape VLPs from
enrichment cultures established with samples from Obsidian
Pool in YNP (Rachel et al., 2002; Rice et al., 2001). One VLP
reported by Rice et al. (2001) had a diameter of approximately
30 nm, which is smaller than TTSV1, and differed from TTSV1
in that it has both DNA (>12 kb) and RNA (<0.5 kb) in the virus
particles. TTSV1 seems to be more similar to uncharacterized
sphere-shaped VLPs with approximate diameter of 60–115 nm,
which were found in another enrichment culture from Obsidian
Pool in YNP (Rachel et al., 2002). TTSV1 is also morpholog-
ically similar to PSV, which belongs to the newly proposed
family Globuloviridae (Häring et al., 2004).
Growth kinetics of TTSV1
Because of lack of a plaque assay system for TTSV1, real-
time PCR was performed to quantify the TTSV1 genome copy
numbers in host cells and released virions during cultivation of
TTSV1-carrier host T. tenax YS44. Virus propagation in the
host cells started to increase very rapidly from day 5 post-
inoculation, then reached a plateau value of approximately
1 × 108 genome copy number in the cells from 1 ml culturewhen the growth of host cells stopped. There was no apparent
decrease in cell density during the exponential propagation of
virus in the host cells, indicating that TTSV1 infection was not
accompanied with total lysis of its host cells. Virion release
reflected by increase in genome copy number per milliliter
culture supernatant also started to increase from day 5 and
continued up to the early stationary growth phase to reach
1.5 × 108 genome copy number, when the number of viral
genome in the host cells also stopped to increase. These
genome titers for TTSV1 are comparable to the values for
other thermophilic viruses. For example, 108 plaque forming
unit (pfu) per ml of culture were released after induction for
SSV1 (Schleper et al., 1992). For PAV1, 106 VLP titer per
milliliter of culture was detected without induction (Geslin et
al., 2003). In the cases of SIRV1 and SIRV2, the maximum
virus titers were 7 × 108 and 4 × 108 pfu/ml, respectively,
during the early stationary growth phase (Prangishvili et al.,
1999; Fig. 3).
Analysis of viral genome
First, we investigated whether the viral genome detected
from the PEG precipitates was derived from the VLPs and was
not contaminated host chromosomal DNA or a plasmid. We
treated TTSV1 particles with endonuclease DNase I prior to
Fig. 3. Growth kinetics of host and TTSV1. T. tenax YS44 persistently infected
with TTSV1 was cultivated at 88 °C. At the indicated time points, samples were
taken, and the OD600nm (•) was measured. The virus genome copy numbers in
the cell pellet (▴) and supernatant (▵) from 1 ml culture of T. tenax YS44 were
measured by quantitative real-time PCR using the viral DNA extracted from the
host cells and released virions, respectively. Representative results from two
independent experiments done in triplicate are shown.
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samples extracted from the DNase I-treated samples showed an
intact prominent viral genomic DNA protected in virions from
the DNase I treatment (Fig. 4A, lanes 2 and 4), while the
plasmid added to the VLPs as a control for the action of DNase I
were completely digested (compare lanes 2 and 3). This result
indicates that the viral DNA genome was derived from the
VLPs.Fig. 4. Analysis of TTSV1 DNA genome. (A) Agarose gel electrophoresis of the lin
mixed with plasmid pT7INC (lanes 2 and 3; indicated by asterisks in lane 3) were left
37 °C. After heat inactivation of DNase I by incubating the reaction mixture at 70
precipitated with ethanol. Lane 1, 1-kb DNA ladder size markers. (B) Restriction enz
with the various restriction endonucleases indicated above each lane. (C) TTSV1 geno
(lane 3) or treated with Bal31 nuclease (lane 4) or exonuclease III (lane 5). (D) Tre
endonuclease EcoRI. TTSV1 viral DNA genomes digested with Bal31 nuclease for
(lanes 3–7). Two DNA fragments starting to be digested earlier than others by Bal
subjected to agarose gel electrophoresis on 1% agarose gel along with λ/HindIII DN
with ethidium bromide.Most of hyperthermophilic viruses isolated from archaea
have a linear double-stranded DNA genome, except for SSV1,
SNDV, STIV, STSV1, and ATV containing a circular double-
stranded DNA genome (Häring et al., 2005b; Rice et al., 2001;
Xiang et al., 2005; Zillig et al., 1996), and PSV containing a
linear genome with termini that are probably covalently linked
(Häring et al., 2004). We characterized TTSV1 genome by
restriction enzyme digestions and nuclease treatments. The
purified viral genome was sensitive to cleavage by various type
II restriction endonucleases (ClaI, EcoRI, HindIII, and KpnI)
(Fig. 4B) but not by BglII and BamHI (data not shown),
indicating that the viral genome is double-stranded DNA. The
restriction enzyme digestion patterns shown in Fig. 4B were all
matched with the predicted results based on TTSV1 genome
sequence (GenBank accession number AY722806). The viral
genome size was estimated to be approximately 21.6 kb. The
linearity of the viral genome was analyzed by testing its
sensitivity to exonuclease III and Bal31 nuclease treatment. The
sensitivity of TTSV1 genome to Bal31 nuclease (Fig. 4C, lane
4), which degrades linear duplex and single-stranded DNAwith
an ability to initiate digestion from single-stranded region,
suggests that the genome has s either a closed hairpin structure
with a single-stranded region, blunt ends, or cohesive ends.
Exonuclease III, which is a 3′ to 5′ exonucelase that causes
deletion from blunt and 3′-recessed ends but not from 3′-
protruding end, completely digested TTSV1 genome (Fig. 4C,
lane 5). Thus, TTSV1 genome appears to have no hairpin-like
structure but has either blunt or 3′-recessive ends. Furthermore,
time-limited treatment of viral genomic DNA with Bal31ear genomic DNA of TTSV1. Virus particles alone (lane 4) and virus particles
untreated (lane 3) or treated (lanes 2 and 4) with 10 units of DNase I for 30 min at
°C for 10 min, viral genomic DNA was extracted with phenol/chloroform and
yme digestion analysis of TTSV1 genome. The viral DNA genome was digested
me extracted from virus particles without protease K treatment was left untreated
atment of viral genomic DNA with Bal31 nuclease followed by the restriction
the indicated time shown above each lane were completely digested with EcoRI
31 treatment are indicated by arrowheads. In panels B–D, DNA samples were
A size markers (lane 1) and 1-kb DNA ladder size markers (lane 2), and stained
Fig. 5. Southern blot analyses of TTSV1 genome. (A) TTSV1 viral genome
from purified virions (lane 1) and total DNA isolated from T. tenax YS44 cells
(lane 2) were digested with EcoRI. DNA samples were resolved by agarose gel
electrophoresis. Southern blot analysis was performed with a mixture of
oligonucleotide probes hybridizing to the 2.3- and 4.2-kb EcoRI-digested viral
DNA fragments. (B) TTSV1 genome (lanes 1 and 2) and total DNA from T.
tenax YS44 (lanes 3 and 4) were digested with EcoRI (lanes 1 and 3) or BglII
(lanes 2 and 4). Southern blot analysis was performed with an oligonucleotide
probe specific to the 4.2-kb EcoRI-digested viral DNA fragments. The positions
of viral genomic DNA fragments expected to hybridize with the probes are
indicated by arrowheads. DNA size markers (λ/HindIII) are shown to the left of
the autoradiogram in kb.
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endonuclease EcoRI identified two viral DNA fragments of 0.7
and 2.3 kb, which were degraded in early time points (Fig. 4D).
This result indicates that those two DNA fragments represent
the two terminal regions of linear TTSV1 genome. When the
viral genome was prepared by an alkaline lysis method, in
which there was no protease K treatment step, it did not exhibit
a changed DNA mobility on an agarose gel (data not shown),
indicating that no proteins are covalently bound to the genome.
In addition, the viral genome could be 5′-end labeled by using
T4 polynucleotide kinase and [γ-32P]-ATP (data not shown),
indicating that at least one end of the linear viral genome has
non-protected 5′-end. Detailed structure and sequence of the
ends of TTSV1 genome and their involvement in the replication
of the genome remain to be characterized. Nevertheless, our
results demonstrate that TTSV1 has a linear double-stranded
DNA genome with no viral proteins covalently bound to the
genome.
No integration of TTSV1 genome into host chromosome
To determine whether TTSV1 exists as a temperate phage,
we performed Southern blot analyses. Both total DNA from
TTSV1-carrier host (T. tenax YS44) and purified viral genomic
DNA were digested with EcoRI and blotted onto a membrane,
which was then probed with a mixture of two radioisotope-
labeled oligonucleotides. Each of the probes was specific to 4.2-
and 2.3-kb EcoRI fragments that map within and at the one end
of the viral genome, respectively. A DNA band of 4.2 kb is
supposed to appear regardless of integration of TTSV1 genome
because it is derived from an internal region of TTSV1 genome,
whereas the single 2.3-kb band is expected to be detected only
when TTSV1 genome is not integrated into the host
chromosome. Southern blot analysis resulted in detection of
the 2.3-kb band from both the EcoRI-digested viral genome
(Fig. 5A, lane 1) and total DNA extracted from TTSV1-carrier
host cells (lane 2), indicating that TTSV1 genome is not present
in a host chromosome-integrated from. Relatively weak DNA
bands above the 4.2-kb viral DNA fragment (lane 2) are likely
due to incomplete digestion of the viral genome that has
multiples EcoRI sites as shown in Fig. 4B. Furthermore, when
the EcoRI-digested (Fig. 5B, lanes 1 and 3) or BglII-digested
(lanes 2 and 4) viral genome and total DNA were hybridized
with an oligonucleotide probe specific to the 4.2-kb EcoRI
fragment that reside within the viral genome, no DNA band(s)
above the viral genome was detected (lanes 2 and 4), while the
probe specifically hybridized to the 4.2-kb internal viral target
DNA in both the EcoRI-treated viral genomic DNA and the
total DNA from TTSV1-carrier host cells (lanes 1 and 3). From
these results, we concluded that TTSV1 genome is in a free
form in the host cells.
Genomic analysis of TTSV1
We have sequenced 97% of the genome of TTSV1
(20.933 kb), except for approximately 0.45 kb at the end near
ORF1 and 0.25 kb at the end near ORF38 of the linear genome.Direct sequencing of these termini by a primer walking method
could not read the very ends of the genome because of
inefficient primer extension under various conditions, which is
likely due to high G + C content or unusual structure at these
regions. The G + C content of TTSV1 genome was 49.8% and
comparable to that of PSV genome (48%). The G + C contents
of the genomes of TTSV1 and PSV were higher than average
G + C contents of the genomes of previously discovered viruses
in the Fuselloviridae (38%), Rudiviridae (25%), and Lipo-
thrixviridae (36%) families. TTSV1 genome showed no
significant similarity to nucleic acid sequences of other viruses
including TTV1 (GenBank accession number X14855) and
PSV (GenBank accession number AJ635161). To gain more
sequence information on the terminal region of TTSV1 genome,
we attempted to ligate the ends of the genome because it could
be 5′-end labeled. Amplification of the region representing the
two terminal ends of the genome by PCR resulted in no PCR
products, suggesting that TTSV1 genome is not likely to
contain cohesive ends like PSV (Häring et al., 2004).
Analysis of TTSV1 genome revealed the presence of
approximately 38 ORFs, and all but 4 ORFs were located on
one strand of the genome (Fig. 6). The ORFs were identified
based on the criteria that an ORF consists of at least 60 amino
acids and initiates with the start codon AUG, GUG, or UUG.
Upstream sequences of several ORFs (ORFs 2, 3, 13,14, 22, 35,
Fig. 6. Comparison of ORF maps of TTSV1 and PSV. (A) Organizations of predicted ORFs of TTSV1 (top panel) and PSV (bottom panel). The ORFs are depicted by
leftward or rightward oriented arrows according to the direction of transcription. TTSV1 ORFs are numbered consecutively from left to right along the genome. The
ORFs of TTSV1 are aligned with those of PSV. ORFs with homologous counterparts in the other genome are presented with outlined white arrows and linked with
lines. ORFs with no homologous counterparts are represented with black arrows. Asterisks indicate virus structural proteins.
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A–T rich region (box A or the TATA box) (Bartlett et al., 2004;
Hain et al., 1992). Among the 38 ORFs, 34 ORFs (89.5%)
initiate with an AUG, while 3 ORFs (7.9%) initiate with GUG,
and 1 ORF (2.6%) uses the rare initiator UUG. Alignment of the
regions preceding all of TTSV1 ORFs failed to identify a
conserved ribosome binding site complementary to the 3′-end
of the 16S rRNA (3′-CCUCCACUAGG-5′) of T. tenax. This
suggests that TTSV1 translation may adapt a non-conventional
translational mechanism as in the cases of other archaea
(Dennis, 1997; Slupska et al., 2001; Tolstrup et al., 2000). We
searched for putative virus-coded tRNA genes in TTSV1
genome by using the tRNAscan-SE and FAStRNA programs,
but no such genes were able to be found.
Database searches using BLASTP and PSI-BLAST for
homologues of predicted ORF sequences of TTSV1 revealed
no matched proteins, except for the proteins encoded by
ORFs of PSV. Fifteen ORFs of TTSV1 showed various
degrees of similarity to PSV ORFs (Table 1). Homologous
ORFs are of a similar size and 10 of 15 ORFs were arranged
discontinuously in a consecutive order (Fig. 6). Sequence
identity between homologous ORFs of TTSV1 and PSVTable 1
Amino acid sequence identities of homologous ORFs shared by TTSV1 and
PSV
TTSV1 PSV BLASTE value Identity (%)
ORF Size (aa) ORF Size (aa)
1 504 582 581 1.0e–08 20.2
4 316 314 313 1.0e–36 34.5
6 89 88a 87 1.7e–02 29.7
8 212 228 227 3.0e–14 26.0
11 285 317 316 4.0e–20 33.8
14 78 76a 75 4.0e–04 29.3
15 160 163 162 5.0e–29 46.7
16 a 96 97 96 2.0e–21 48.5
17 73 76b 75 9.0e–02 29.3
19 67 75 74 1.3e+00 29.3
20 241 VP2a 246 2.0e–23 41.5
21 290 294 293 8.0e–12 30.5
22 198 239 238 9.0e–05 25.0
26 250 270 269 1.6e+00 26.6
27 239 253 252 4.7e–02 25.2
a Virus coat protein.ranged from 20.2% to 48.5%. The ORF 1 of TTSV1 and the
ORF 582 of PSV are largest genes of each viral genome, and
they have 20.2% amino acid sequence identity. They locate at
the similar position in their genomes, have a similar size (504
and 581 amino acids for ORF 1 and ORF 582, respectively)
and a similar theoretical isoelectric point (pI) (8.17 and 9.13
each for ORF 1 and ORF 582, respectively), and share ATP/
GTP-binding site motif A (P-loop), [AG]-(X4)-G-K-[ST],
located in similar positions on these ORFs. The 10-kDa
putative TTSV1 structural protein derived from ORF 16
showed 48.5% identity and 69% similarity to PSV ORF 97
product. TTSV1 ORF 20 product with a predicted molecular
mass of 25.8 kDa was similar to PSV VP2 (60% similarity
and 41.5% identity) that was identified as a PSV virion
protein (Häring et al., 2004). PSV VP3 is a hydrophobic,
highly basic protein with pI of 9.57, which possibly serves as
a capsid protein encapsidating the viral genome (Häring et al.,
2004). However, no TTSV1 proteins similar to PSV VP3
were found. Finally, we found that a total of 16 TTSV1 ORFs
have at least one membrane-spanning region predicted by
TMHMM 2.0 program. Four of them (ORFs 4, 11, 20, and
21) and their homologous ORFs of PSV (ORFs 314, 317,
VP2, and 294) contained more than six membrane-spanning
regions, but functions of these gene products in the life cycle
of these viruses remain obscure.
Analysis of TTSV1 virion
We analyzed protein composition of TTSV1 and identified
one of putative viral structural proteins by mass spectrometry.
TTSV1 was subjected to CsCl gradient ultracentrifugation.
Fraction 6 containing the viral genome (Fig. 7A) and fraction 2
were subjected to SDS-PAGE, followed by staining with silver-
nitrate. We could detect several protein bands, one major protein
of approximately 10 kDa and two minor proteins of 20 and
35 kDa (Fig. 7B, compare lane 1 with lanes 2 and 3), which
were not present in the fraction 2 containing no detectable level
of TTSV1 genome. To identify the major protein of approxi-
mately 10 kDa, the protein band was excised, subjected to in-gel
tryptic digestion, and analyzed by reverse-phase liquid
chromatography directly coupled to mass spectrometer.
Amino acid sequences deduced from mass spectrometry
analysis showed significant matches to the 10.7-kDa protein
Fig. 7. Identification of the 10-kDa TTSV1 protein by mass spectrometry. (A) TTSV1 viral genomic DNAwas extracted from even number fractions (starting from the
top) in a CsCl gradient and subjected to agarose gel electrophoresis followed by ethidium bromide staining. Fraction numbers are shown above each lane of the gel.
The arrowhead indicates the viral genome of approximately 21.6 kb. Lane M shows λ/HindIII DNA size markers with their sizes indicated at the left of the gel in kb.
(B) Fractions 2 (lane 1) and 6 (lanes 2 and 3; in lane 2, 5-fold more proteins than in lane 3 was loaded) were precipitated with 10% cold TCA and washed with acetone,
subjected to SDS-16% PAGE, and stained with silver nitrate. Arrowheads indicate putative viral structural proteins. Protein size markers are shown to the left of the gel
in kDa. (C) Nanoscale microcapillary liquid chromatography tandem mass spectrometry analysis was performed to identify the 10-kDa TTSV1 structural protein
observed in panel B. Three peptides (underlined) from TTSV1 ORF 16 were unambiguously matched to the tandem mass spectra of the 10 kDa protein. (D) Tandem
mass spectrum of a peptide with the m/z value of 772.53. Fragment ions in the spectrum represent mainly single-event preferential cleavage of the peptide bonds,
resulting in the sequence information recorded from both the N and C termini (b- and y-type ions, respectively) simultaneously. This spectrum was computer searched
using the SEQUEST program, which matched the spectrum to the tryptic peptide shown.
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also matched well with the experimental data (Fig. 7, panels C
and D). This TTSV1 structural protein was similar to a
hypothetical protein encoded by PSV ORF 97 (Table 1) but did
not exhibit a high level of similarity to any proteins in public
databases. We also detected high molecular weight proteins
when larger amounts of the fraction 6 were loaded (Fig. 7B, lane
2). It is unclear at the present time whether these proteins are
cellular proteins associated with virions or oligomeric forms of
virion proteins.
In summary, TTSV1 and PSV, which were isolated from
geographically distant areas, exhibit similarity both in mor-
phology and in protein sequences. These two spherical viruses
show no significant similarity to protein sequences of viruses
belonging to the previously classified four families of viruses
from hyperthermophilic archaea. TTSV1 could be classified in
the newly emerged Globuloviridae family that includes so far
only one virus PSV recently isolated from a strain of
Pyrobaculum (Häring et al., 2004; Prangishvili and Garrett,
2005). Our results for TTSV1 will contribute to expand our
understanding of genetic diversity of thermophilic viruses and
biochemical functions of thermostable viral proteins by
comparative analyses.Materials and methods
Sampling of hyperthermophiles and enrichment culture
Samples were collected from hot springs in the Cipanas,
Pancuran tujuk, Sikidang, Sileri, Warna pond, Papandayan,
Blackwater, and Kamojang regions of Indonesia. Enrichment
cultures were established and grown at 88 °C in the defined
medium (pH 6.0) containing 0.2% NaCl, 0.04% MgSO4·7-
H2O, 0.07% MgCl2·6H2O, 0.05% CaCl2·2H2O, 0.03%
KH2PO4, 0.03% K2HPO4, 0.05% (NH4)2SO4, 0.01% KCl,
0.02% KBr, 0.003% H3BO3, 0.003% SrCl2·6H2O,
0.000033% Na2WO4, 0.000026% Na2SeO3, 0.0001% resa-
zurin, 0.1% yeast extract, 0.5% trypton, 1% elemental sulfur,
a vitamin mixture (0.1%), and a trace elements solution
(0.1%). Trace elements stock solution consisted of 3%
MgSO4·7H2O, 0.5% MnSO4·2H2O, 1% NaCl, 0.01%
FeSO4·7H2O, 0.018% CoSO4·7H2O, 0.1% CaCl2·2H2O,
0.18% ZnSO4·7H2O, 0.01% CuSO4·5H2O, 0.02% KAl
(SO4)2·12H2O, 0.01% H3BO3, 0.01% Na2MoO4·2H2O,
0.025% NiCl2·6H2O, 0.0003% Na2SeO3·5H2O, and 1.5%
nitrilotriacetic acid. A vitamin mixture consisted of 0.002%
biotin, 0.002% folic acid, 0.01% pyridoxine–HCl, 0.005%
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acid, D-Ca-pantothenate, 0.0001% vitamin B12, p-aminoben-
zoic acid, and 0.005% lipoic acid. Culture bottles were
capped with butyl rubber stopper and sealed with an alu-
minum cap. Anaerobiosis was maintained by purging N2 gas
into the medium. When necessary, a sterile solution of 0.05%
Na2S·9H2O was added to reduce the medium. By serial
dilutions, followed by isolation of clones in the Gelrite (Kelco,
San Diego, CA, USA)-containing culture medium, the clone of
TTSV1 host was isolated and used throughout this study without
loss of the virus.
Virus isolation and purification
T. tenax YS44 was grown to the late stationary phase and
harvested by centrifugation at 6000 × g for 15 min. Virus
particles were precipitated from culture supernatants by
incubating in 1 M NaCl and 10% polyethyleneglycol (PEG)
8000 (Sigma) overnight at 4 °C. The precipitates obtained by
centrifugation at 15,000 × g for 40 min were drained and
resuspended in TE buffer (10 mM Tris–HCl, pH 7.0; 1 mM
EDTA) by incubating at 50 °C for 1 h. After centrifugation,
supernatants were kept, and the pellets were extracted two more
times with a reduced volume of TE buffer. PEG-precipitated
virus particles were further purified via centrifugation in a
sucrose density gradient in a Beckman SW41 Ti rotor at
150,000 × g for 20 h. The gradient was formed by diffusion after
sequential addition of different concentrations (10–80%) of
sucrose solutions in a buffer containing 1 MNaCl, 10 mM Tris–
HCl, pH 7.4, and 1 mM EDTA to a 14 × 89 mm Beckman Ultra-
Clear ultracentrifuge tube. Alternatively, virus particles were
purified via centrifugation in a CsCl buoyant density gradient
(0.45 g/ml) in a Beckman SW41 Ti rotor at 150,000 × g for 20 h.
The peak fractions containing the viral genome were diluted
with TE buffer and precipitated again by centrifugation to
examine the virus particles under an electron microscope.
Electron microscopy
A droplet of virus specimen obtained by ultracentrifugation
was placed on a carbon-coated copper grid after ionization of
the grid a using hydrophilic treatment device (Jeol HDT-400).
The specimen was allowed to adsorb to the carbon layer for
2 min. After removal of excess liquid with a piece of Whatman
filter paper, a droplet of 2% uranyl acetate solution was added to
the carbon grid for 10 s. The specimen was air dried after excess
liquid was removed, and virus particles were observed in a Jeol
JEM 1010 electron microscope operated at 80-kV accelerating
voltage. When indicated, purified virus particles were treated
with 0.3% Triton X-100 for 10 min at 25 °C, 0.1% SDS for
10 min at 25 °C, or proteinase K (1 mg/ml) for 1 h at 37 °C
before examination under the electron microscope.
Ten milliliters of T. tenax YS44 culture grown in the
enrichment culture medium was collected at the stationary
growth phase. Cells were dissolved in 500 μl of 2%
paraformaldehyde and 2% glutaralaldehyde in 50 mM sodium
cacodylate buffer (pH 7.2), incubated for 4 h for primaryfixation, and harvested by centrifugation. The cells were then
incubated for 2 h in 500 μl of 1% osmium tetroxideforin and
50 mM sodium cacodylate buffer for post fixation, harvested by
centrifugation, and dehydrated sequentially in different con-
centrations (30, 50, 70, 80, 90, and 100%) of ethanol at room
temperature for 10 min each. The cells were treated with 100%
propylene oxide for 15 min at room temperature, harvested by
centrifugation, and embedded in Spurr's resin (Electron
Microscopy Sciences, Fort Washington, PA, USA), which was
then polymerized at 70 °C overnight. Thin sections prepared on
an ultramicrotome were stained with 2% uranyl acetate and
0.02% lead citrate, and observed under a Jeol JEM 100 CX II
electron microscope.
Preparation and analysis of viral genomic DNA
Viral genomic DNAs were extracted with phenol/chloroform
and then with chloroform and precipitated with ethanol. When
indicated, virus particles were treated with 10 units of DNase I
(Sigma) at 37 °C for 30 min, prior to DNA extraction. The
DNase I was then heat inactivated at 70 °C for 10 min. The
linearity of viral genome was tested by treating the purified
genome with 10 units of exonuclease III (Takara Shuzo, Shiga,
Japan) at 37 °C for 30 min or with 1 unit of Bal31 nuclease
(Takara Shuzo) at 30 °C for 30 min unless otherwise specified.
The viral genome was digested with various indicated
restriction endonucleases. DNA samples were resolved by
agarose gel electrophoresis to estimate the genome size and to
prepare a physical map of the viral genome.
16s rRNA analysis and phylogenetic tree
Cells were harvested from 200 ml of a late log phase culture
by centrifugation at 6000 × g for 15 min. The cell pellet was
resuspended in 800 μl of TNE solution (100 mM Tris–HCl, pH
7.5, 100 mM NaCl, 50 mM EDTA). Then 100 μl of 10% N-
lauroyl sarcosine and 100 μl of 10% SDS were added. The
solutions were inverted slowly several times at room temper-
ature and reacted with 10 μl of 20 mg/ml proteinase K for 3 h at
50 °C. The mixture was extracted once each with 1 volume of
phenol–chloroform–isoamylalcohol (25:24:1) and then 1
volume of chloroform. Chromosomal DNA in the aqueous
phase was precipitated with isopropanol and used for 16S rDNA
amplification. Amplification of 16s rRNA genes from the
sample was performed with 8aF (5-TCY GGT TGATCC TGC
C-3 where Y is either C or T) and 1512uR (5-ACG GHT ACC
TTG TTA CGA CTT-3 where H is either A, T, or C) primers
(Burggraf et al., 1991; Lane, 1991). The PCR products were
cloned using a TOPO TA cloning kit (Invitrogen), and multiple
independent clones were sequenced. The sequence was aligned
with closely related sequences obtained from the GenBank.
Phylogenetic tree was constructed by the neighbor-joining
method (Saitou and Nei, 1987) using the Molecular Evolution-
ary Genetics Analysis 2.1 software (MEGA, version 2.1)
(Kumar et al., 2001). Bootstrapping (Felsenstein, 1985) was
used to estimate the reliability of phylogenetic reconstructions
(1000 replicates).
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To measure the copy number of viral genome, samples were
taken from cultures of T. tenax YS44 every 24 h after
inoculation. Samples were centrifuged at 8000 × g for
10 min, and DNA was extracted from pellets or supernatants.
Pellets were washed extensively three times with phosphate-
buffered saline before DNA extraction. The TaqMan probe and
PCR primers were designed based on the sequence of the 4.2-kb
EcoRI-digested TTSV1 genomic DNA fragment. The real-time
PCR reaction was performed with TTSV1-specific primers
(forward primer, 5′-CGT CCC TCAATATGTAGAGTG TCT-
3′ and reverse primer, 5′-CGC TCA CTT GGT GTT GTG ATA
AG-3′) and a dual fluorophore-labeled TaqMan probe (5′-[6-
carboxy-fluorescein; 6-FAM]-CGT CAC CAA CCG CAG
TAA CCACCG-[6-carboxy-tetramethyl-rhodamine; TAMRA]-
3′; Hokkaido System Science) to amplify an 81-bp fragment of
TTSV1 viral genome by using rTth DNA polymerase according
to the manufacturer's instructions (Applied Biosystems). All
reactions were performed in an Applied Biosystems PRISM
7700 Sequence Detector (Perkin-Elmer Applied Biosystems). A
standard curve was constructed from serial 10-fold dilutions of
the 4.2-kb DNA fragment of EcoRI-digested viral DNA
genome cloned into pBluescript II KS(+) (Stratagene).
Southern hybridization
Total DNA (10 μg) isolated from T. tenax YS44 and viral
genomic DNA (250 ng) isolated from purified viral particles
were digested with either EcoRI or BglII. The digested DNA
samples were resolved by 1% agarose gel electrophoresis. After
denaturation of DNA for 35 min in a denaturing solution (0.4 M
NaOH and 1 M NaCl), followed by neutralization for 15 min in
0.5 M Tris–HCl (pH 7.2) and 1 M NaCl, DNAwas transferred
to positively charged nylon membrane (Boehringer Mannheim).
The membranes were then prehybridized for 1 h at 50 °C in 6×
SSC containing 5× Denhardt's solution, 0.5% SDS, and 100 μg/
ml of salmon sperm DNA. The membrane was hybridized with
the indicated probes overnight at 50 °C, washed for 5 min at
room temperature with 2 × SSC containing 0.5% SDS and for
15 min with 2 × SSC containing 0.1% SDS, and then exposed to
X-ray film for autoradiography. The probes were prepared by
labeling at the 5′-end with [γ-32P]ATP (Amersham Bios-
ciences) and T4 polynucleotide kinase (New England Biolabs).
Free [γ-32P]ATP was removed from the probe by using a
Sephadex G-25 column (Amersham Biosciences).
Genome analysis
Virus DNA fragments generated by digestion with various
restriction enzymes were cloned into plasmid pBluescript II KS
(+) (Stratagene) before sequencing. Sequence gaps were closed
by primer walking on plasmid clones and by sequencing of PCR
products. Sequencing of the termini of the viral genome was
performed by primer walking on the purified viral genome. Raw
sequence data were assembled contiguously using Vector NTI
suite 8 (InforMax). ORFs were predicted online using Gene-Mark.hmm 2.1 for prokaryotes (http://opal.biology.gatech.edu/
GeneMark/) and ORF finder (http://www.ncbi.nlm.nih.gov/
gorf/). Translated ORFs or their nucleic acid sequences were
searched for homologues using BLASTP and PSI-BLASTat the
SIB (Swiss Institute of Bioinformatics). Conserved motifs and
domains were scanned using InterProScan (http://www.ebi.ac.
uk/InterProScan/) and MotifScan (http://hits.isb-sib.ch/cgi-bin/
PFSCAN/). The DNA sequence was scanned for putative tRNA
genes using tRNAscan-SE (http://www.genetics.wustl.edu/
eddy/tRNAscan-SE/) and FAStRNA (http://bioweb.pasteur.fr/
seqanal/interfaces/fastrna.html). Other works including molec-
ular mass prediction, isoelectric point determination, G + C
content calculation were performed using Artemis software
(http://www.sanger.ac.uk/Software/Artemis/) and Biology
WorkBench 3.2 (http://workbench.sdsc.edu/).
Analysis of viral structural proteins by SDS-PAGE
Virus particles purified by CsCl density gradient centrifuga-
tion were precipitated in 10% TCA, followed by incubation for
30 min on ice and centrifugation at 18,000 × g for 10 min. The
pellet was washed twice with acetone at room temperature, air
dried, and then resuspended in a protein sample buffer. Protein
samples denatured by incubating in boiling water for 10 min
were resolved by sodium dodecyl sulfate (SDS)–16% poly-
acrylamide gel electrophoresis (PAGE), and finally stained with
silver nitrate. Protein gels were fixed in 50% methanol and 5%
acetic acid for 1 h. After fixation, gels were incubated in 30%
ethanol for 15 min and washed three times in distilled water for
5 min per each wash. Gels were then sensitized with 0.02%
sodium thiosulphate for 90 s, washed three times in distilled
water for 30 s each, and further incubated with 0.2% silver
nitrate for 25 min. After washing twice with distilled water, gels
were incubated in a developing solution (6% sodium carbonate,
0.05% formalin, and 0.004% sodium thiosulphate). When the
desired level of staining was achieved, the staining was stopped
by discarding the solution and incubating for 10 min in 6%
acetic acid.
Protein identification: in-gel trypsin digestion, nanoscale
microcapillary liquid chromatography-mass spectrometry, and
database searching
Protein identification was performed as described with
modifications (Peng and Gygi, 2001). Briefly, protein bands
were excised from an SDS-PAGE gel and digested with
sequencing-grade trypsin (Promega, Madison, WI, USA) as
described (Shevchenko et al., 1996). Digested samples were
loaded onto a fused silica microcapillary C18 column (Magic;
Michrom BioResources, Auburn, CA, USA) packed in-house
(75-μm inner diameter, 10 cm long). An Agilent 1100 high-
pressure liquid chromatography system (Agilent Technologies,
Palo Alto, CA, USA) was used to deliver a gradient across a
flow splitter to the column. Eluting peptides from the column
were ionized and electrospray ionization and analyzed by an
LTQ ion-trap mass spectrometer (ThermoFinnigan, San Jose,
CA. USA), and eluting peptides were dynamically selected for
289D.-G. Ahn et al. / Virology 351 (2006) 280–290fragmentation by the operating software. The acquired MS/MS
data were searched against a house-built TTSV1 open reading
frame (ORF) database using the SEQUEST computer algorithm
(Eng et al., 1994). Searches were allowed for carbamidomethy-
lation of cysteine and oxidation of methionine.
Nucleotide sequence accession numbers
The GenBank accession numbers for the TTSV1 genome
and the 16S rDNA sequence of T. tenax YS44 are AY722806
and AY538162, respectively.
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